We present results of far-infrared photometric observations with Herschel PACS of a sample of Upper Scorpius stars, with a detection rate of previously known disk-bearing K and M stars at 70, 100, and 160 µm of 71%, 56%, and 50%, respectively. We fit power-law disk models to the spectral energy distributions of K & M stars with infrared excesses, and have found that while many disks extend in to the sublimation radius, the dust has settled to lower scale heights than in disks of the less evolved Taurus-Auriga population, and have much reduced dust masses. We also conducted Herschel PACS observations for far-infrared line emission and JCMT observations for millimeter CO lines. Among B and A stars, 0 of 5 debris disk hosts exhibit gas line emission, and among K and M stars, only 2 of 14 dusty disk hosts are detected. The OI 63 µm and CII 157 µm lines are detected toward [PZ99] J160421.7-213028 and [PBB2002] J161420.3-190648, which were found in millimeter photometry to host two of the most massive dust disks remaining in the region. Comparison of the OI line emission and 63 µm continuum to that of Taurus sources suggests the emission in the former source is dominated by the disk, while in the other there is a significant contribution from a jet. The low dust masses found by disk modeling and low number of gas line detections suggest that few stars in Upper Scorpius retain sufficient quantities of material for giant planet formation. By the age of Upper Scorpius, giant planet formation is essentially complete.
Introduction
Circumstellar disks of gas and dust are the sites of planet formation. They are most readily detected from continuum emission of cool dust at wavelengths from the (near-)infrared to millimeter wavelengths. At least initially, the dust only accounts for 1% of the disk mass, and a more complete understanding of disk structure, chemistry, evolution, and -not least -the formation of giant planets, requires that we measure and accurately interpret the line emission from disks. The interpretation of line data requires a complete understanding of the dust, which establishes the temperature baseline for gas models.
The detection and characterization of disk spectral line emission is far more challenging than observations of the continuum. Due to atmospheric opacity, ground based observations have been restricted to (sub-)millimeter molecular rotational lines in the cold outer disk, where depletion of molecules (i.e. freeze-out onto dust grains) is important and in the near-infrared (NIR) from the hot, central few AU, regions of disks (van Dishoeck 2006) . Several surveys have been conducted using the ESA Herschel Space Observatory (Pilbratt et al. 2010 ) to examine line emission from circumstellar disks. The Water In Star-forming regions with Herschel (WISH) guaranteed time key program focused on high resolution spectroscopy to trace water-related chemistry in objects ranging from collapsing clouds to protoplanetary disks (van Dishoeck et al. 2011) . The Dust, Ice, and Gas In Time (DIGIT) open time key project has focused on broad spectral surveys of a smaller number of objects ranging from embedded to the Class II disk stage (e.g. van Kempen et al. 2010) Two other large surveys have focused on photometry to characterize the dust of circumstellar disks. DUst around NEarby Stars (DUNES), has carried out 100 and 160 µm, and in a few cases, longer wavelength photometry to search for debris disks and proto-Kuiper belts (Eiroa et al. 
Observations
In the following section, we describe new photometry and spectroscopy of these Upper Scorpius sources, as well as our data reduction. Observations with the Herschel Space Observatory's PACS instrument (Poglitsch et al. 2010) were carried out as part of the Herschel open time key project GASPS (P.I. Dent). Additional observations were carried out using the Receiver A and HARP instruments on the James Clerk Maxwell Telescope (JCMT). In Table A .1, we report the observation identification numbers (obsid) and settings for Herschel observations, as well as the date, instrument, and integration times for JCMT observations.
PACS photometry
We carried out a full survey of our sample using the Herschel PACS instrument's photometric scan map mode (PacsPhoto). Scans were carried out at the medium scan speed of 20 ′′ /s, with 10 legs of 3 ′ length and separations of 4 ′′ . Targets were observed in both the "blue" passband centered at 70 µm, and the "green" passband centered at 100 µm, with each simultaneously observing in the "red" passband at 160 µm. All but 4 early observations were carried out in a pair of 276 second scan-map observations at 70
• and 110
• , so as to provide more even coverage of the field of view and reduce smearing of the point spread function in the scan direction.
The data were reduced with HIPE 9.0 (Ott 2010) using the standard reduction pipeline for photometric data. For most objects, there are two scans each in the 70 and 100 µm bands, with a total of 4 accompanying scans in the 160 µm band. For the subset of objects detected at 70 µm with Spitzer ), there are only two scans in the 100 µm band and 2 scans in the 160 µm band. The scans for each object were reduced separately, with high-pass filtering conducted using a 1σ threshold to mask sources. We then combined separate scans and projected them at 2", 2", and 3", in the 70, 100, and 160 µm bands. These oversample the native PACS pixel scales of 3. ′′ 2, 3. ′′ 2, and 6. ′′ 4, respectively.
We measured the flux in the stacked images using the procedure recommended by the Herschel Science Center 1 . This is aperture photometry with an aperture radius of 10.5". We used outer sky annuli of 20 ′′ -30 ′′ in the 70 and 100 µm bands, with aperture corrections of 0.77 and 0.73 based on Preibisch et al. (2002) .
(b) Spectral types from Hernández et al. (2005) ; Preibisch et al. (1998 Preibisch et al. ( , 2002 (c) W λ (Hα) from Hernández et al. (2005) ; Preibisch et al. (1998 Preibisch et al. ( , 2002 ; Riaz et al. (2006) (d) Accretion determinations from Mathews et al. (2012b) . For A and G stars, this indicates whether the star has detectable Hα emission possibly tracing accretion. For K & M stars, this indicates whether the star exhibits strong enough Hα emission to be classified as accreting according to the spectral type dependent criteria of White & Basri (2003) . Objects with no Hα measurement in the literature are shown with no value.
(e) Referred to as J1614-1906 is 0.72, 0.72, and 0.57. We assume the noise is background dominated, for which the source flux error was then calculated as σ px n 0.5 ap , where n ap is the number of pixels within the aperture. We then applied the aperture corrections to our error measurements. There are additional flux calibration errors of 3, 3, and 5% at 70, 100, and 160 µm, respectively, which we do not include in our reported errors.
PACS spectroscopy
We used the PACS integrated field unit, which consists of a 5×5 filled array of 9.
′′ 4×9. ′′ 4 spaxels, to carry out spectroscopic observations of 5 B and A stars, 5 K stars, and 9 M stars with NIR excesses.
Observations were carried out in chop-nod mode in order to remove the telescope emission, with the central spaxel centered on the target in both nods. We used the standard PACS spectroscopy reduction pipeline within HIPE 9 to reduce the data, with the addition of flags in intermediate steps to preserve information regarding the random error within wavelength bins.
For each spaxel, we extracted the A and B nods. For each nod, we then binned the data in wavelength with nonoverlapping bins half the width of the instrumental resolution. The mean of the two nods restores the observed flux in each spaxel, and we propagate the errors of the individual nods to determine the error-per-bin in the final spectrum. We note that due to telescope roll, offcenter spaxels do not see the exact same location on sky between nods. At the corners of the IFU, these offsets can be as large as 2 ′′ . Despite these offsets, the off-center spaxels are useful for checking for extended emission or potentially contaminating sources.
For point source flux measurements, we use the flux in the central spaxel and apply wavelength dependent flux and aperture corrections released by the PACS development team 2 , as well as their reported flux calibration uncertainty of 30%. These aperture corrections are considered valid for well centered sources, and the flux calibration uncertainty includes the effects of pointing uncertainty. As a check, we compare the reported position on sky of the central spaxel with the target positions. These offsets are generally smaller than the 1σ pointing uncertainty of 2 ′′ .
To extract line fluxes and measure continuum fluxes from our reduced, nod-combined, flux corrected spectra, we carried out an inverse-error weighted fit of a gaussian and first-order polynomial to the spectra, attempting fits to the wavelengths of species listed in Table 2 . The primary targets of our survey are listed in bold type, and few of these emission lines are detected. For each line region, we also list the instrumental full width at half maximum (FWHM) and aperture correction.
Using the polynomial fit to each spectral region, we estimated the continuum emission at the rest wavelength for each line. To estimate the error on the continuum, we calculated the error of the mean for the residual of the polynomial fit in a region from 2 to 10 instrumental FWHM from the line rest wavelength. For emission lines, we calculate the flux of detected lines as the integrated flux of the gaussian line fit. We calculate 1σ fluxes as the integral of a gaussian with height equal to the continuum RMS, and width equal to the instrumental FWHM.
The spectral resolution at 63 µm is R = 3400, while longer wavelength observations have a resolution R∼ 1500. Typical continuum RMS for our LineSpec observations at 63 and 190 µm are ∼ 0.2-0.4 Jy, and ∼ 0.05-0.1 Jy for our RangeSpec observations. These result in line flux uncertainties of 1-3×10 −18 W/m 2 , and errors on the mean continuum value of ∼10 -50 mJy . The data were reduced using standard routines in the Starlink Kappa and Smurf packages, the facility data reduction tools. We binned data to a 0.25 km/s resolution. Fluxes were converted from antenna temperature to Jy according to the formula F ν = (2kT )/(Aη), where k is the Boltzmann constant, T is the antenna temperature, A is the telescope area, and η is the aperture efficiency. We used reported aperture efficiencies from JCMT documentation 3 of 0.63 at 230 GHz and 0.56 at 345 GHz. Typical continuum RMS for both the CO 2-1 and CO 3-2 regions are ∼1-1.5 Jy in 0.25 km/s wide channels.
Results

Spectroscopy
Two sources, J1614-1906 and J1604-2130, are Table 3 .
Photometry
In the PACS blue passband at 70 µm, we detect 4/8 B&A stars, 2/6 G&K stars, and 8/21 M stars. In our later analysis, we include 70 µm photometry of 3, 5, and 2 stars in each of these categories that were previously detected in Spitzer MIPS band 2 observations, and were therefore not observed in the PACS blue passband. At 100 µm, we detect 2/5 B&A stars, 7/11 G&K stars, and 6/17 We list our photometry in Table 4 , including 1σ errors or 3σ upper limits. Our reported errors and upper limits do not include the calibration uncertainties. In general, the center of emission of PACS emission lies within the 2 ′′ positional uncertainty of the observations. However, the 70 and 100µm emission for HIP 77911 is centered at a position ∼8 ′′ to the northwest of the stellar position.
This star is known to have a distant companion with a separation of 8 ′′ (Kouwenhoven et al. 2007 ), suggesting the previously identified excess seen here is not a debris disk around HIP 77911, but a disk around the companion star.
Several stars (objects 13, 29, 34, 36, and 40) show factor of ∼2 discrepancies in continuum values between neighboring spectral regions. While these differences are consistent at the 2σ level when considering the calibration uncertainty of 30%, they motivate us to make no further use here of the continuum values derived from the spectroscopic observations.
Spectral energy distributions
We constructed spectral energy distributions (SEDs) using optical, 2MASS, and Spitzer photometry from the literature and adopt uncertainties as described in Mathews et al. (2012b) . We incorporated 3.4, 4.6, 11.6, and 22 µm photometry from the WISE Preliminary Data Release (Cutri et al. 2011 ), using the zero magnitude fluxes of Wright et al. (2010) to convert from magnitudes to Jansky. We include the Spitzer IRS spectroscopy of Dahm & Carpenter (2009) , covering a wavelength range from 5 to 35 µm, and bin the spectra as in Furlan et al. (2006) . We also include reported millimeter fluxes at 1.2 and 1.3 mm from (Mathews et al. 2012b , and references therein), and the 880 µm flux for J1604-2130 reported in Mathews et al. (2012a) .
We show nondetections as 3σ upper limits. We assume large calibration uncertainty (40%) for the optical photometry, which is largely drawn from scans of photographic plates. For 2MASS photometry, we assume 15% calibration uncertainty due to unknown NIR variability of the sources.
For Spitzer IRAC and IRS peak-up photometry, we assume 10 and 20% errors, respectively. For the binned IRS spectra, we assume 10% uncertainty, as in Furlan et al. (2006) . For WISE bands 1-4 at wavelengths of 3.4, 4.6, 11.6, and 22.1 µm, respectively, Jarrett et al. (2011) report calibration uncertainties of 2.4%, 2.8%, 4.5%, and 5.7%. However, in order to prevent these points from dominating our model fitting (discussed below), we adopt a minimum calibration uncertainty of 10%.
Stellar radius estimates based on temperature and luminosity estimates from the literature (Hernández et al. 2005; Preibisch et al. 1998 led to poor scaling of the stellar photosphere models. As the stellar luminosity is particularly crucial to our later disk modeling, we have carried out new estimates of the stellar radius and extinction of the disk-bearing sources modeled below.
We simultaneously fit the stellar radius and extinction using broadband photometry from B to H band. We assume a stellar distance of 145 ± 20 pc, following parallax measurements of the distribution of high mass members (de Zeeuw et al. 1999; de Bruijne 1999 distance are degenerate in the photospheric fitting, requiring that one parameter be fixed using external information. While the measured effective temperatures could be used with stellar isochrones to select a stellar radius, the uncertain ages and large variations between isochrones make that approach far more uncertain. Though many sources appear to the eye to have photospheric K band emission, we omit this band from the fitting procedure as it could be potentially contaminated at small levels by dust at the sublimation radius. Using effective temperatures (T e f f ) from the literature, with typical uncertainties of 100 K, we select a closest match photospheric model (Kurucz 1993) . We also use the R=3.1 reddening law of Fitzpatrick (1999) to deredden photometry.
Then, we carry out a χ 2 minimization of the stellar radius and extinction using the LevenburgMarquardt algorithm, as implemented in the IDL code MPFIT (Markwardt 2009 ). Results of our fits for the extinction and stellar radius, are listed in Table 5 , along with our later disk modeling results. We present the total χ 2 value for each object.
We show the SEDs of all members of our sample in Figures 2 and 3, along with best fit models to the disk bearing K and M stars (discussed below). All of our B&A stars exhibit photometry or line fluxes consistent with being debris disk hosts or stars with no disk. Therefore, while we present observational results for these objects, we do not include them in our modeling and discussion 
Dust models
To better constrain the dust content of the Upper Scorpius disks around K and M stars, we fit dust models to our SEDs using the radiative transfer code MCFOST (Pinte et al. 2006 (Pinte et al. , 2009 .
We parameterize the radial surface density profile Σ(R) of each object using the following simple
Article number, page 14 of 48 geometry (e.g. Hartmann et al. 1998) :
where Σ 100 is the surface density at 100 AU, and α describes the surface density variation of the disk. Σ 100 is calculated by solving the relation:
Article number, page 15 of 48 The dust mass (M dust ), disk inner radius (R in ), and surface density profile (α) are free parameters, and the outer radius (R out ) is set to 100 AU, as the far-infrared SED is insensitive to the outer disk radius. Five of the modeled objects are detected in millimeter emission (objects 13, 23, 29, 32, and 45) , and thus may be sensitive to the choice of R out . However, we do not allow this parameter to vary, choosing instead to emphasize fits to infrared emission.
The vertical dust distribution is modeled as a Gaussian with scale height: (2006), we fix the exponent of the power law grain size distribution at −3.5 and the maximum grain size at 3.6 mm, three times the longest wavelength at which Upper Scorpius disks have been detected (with the exception of J1604-2130, which has been detected at 3 mm). We must note, however, that most sources are not detected at this wavelength, and thus the modeling is most strongly affected by smaller grains that dominate emission at shorter wavelengths. For the case of a smaller a max , the modeled dust mass is scaled down by a factor of a max /3600 µm, where a max may be reasonably set to three times the longest detected wavelength.
Article number, page 17 of 48 Therefore, for our objects lacking a detection at mm-wavelengths, the dust mass listed in Table 5 should be treated as an upper limit.
We use a genetic algorithm (henceforth GA) to explore these 5 free disk parameters (M dust , R in , α, H 100 , and β). In Table 6 , we show the ranges explored for each parameter, with variations noted below.
The GA carries out an iterative search for the lowest χ 2 region of the parameter space. For each object, we generate 20 generations of models. In the first generation, 100 disk models are generated using disk parameters uniformly selected from within the ranges shown in Table 6 . The χ 2 values for each model are then calculated, and a model is selected to be the parent model of the next generation, with the selection probability being proportional to model χ 2 ranking. In addition, the lowest χ 2 model is always carried over to the next generation.
The parameters of the child models in the new generation are randomly distributed around the values of the parent model. A fraction of the models are then further mutated by varying all parameters by one-tenth the explored parameter ranges. The mutation rate is adjusted during the course of the calculation: if the ratio of the median χ 2 to lowest χ 2 is greater than 2, the parameter variation is increased by a factor of 1.5 to accelerate the identification of the solution region. If the ratio is below 1.1, then the mutation rate is reduced by a factor of 1.5, providing for denser sampling in the vicinity of the solution. For each object, we carry out this procedure for 20 generations (for Article number, page 19 of 48 a total of 2000 models per disk). We adopt the parameters of the model with the lowest χ 2 value for each object, which we report in Table 5 .
Discussion
Median SED
To study the evolution of the typical T-Tauri star disk, we calculate the median SED for the 24 K&M stars in Upper Scorpius with infrared excesses; these are the 22 sources modeled above, as well as J1604-2130 and J1614-1906 . 20 of these are classified as Class II sources by the slope of their SEDs from K band to 24 µm (for λF λ ∝ λ n , −1.6 < n < −0.3, Greene et al. 1994) . 4 are classified as class III with weaker but still clear infrared excess emission. They are included here as our goal is to understand the median disk among K&M stars in a single star forming region.
While we have collected optical, 2MASS, WISE, and Spitzer photometry, we exclude Spitzer IRS spectroscopy from our median as the sample was not uniformly observed with IRS; 5 low mass sources were omitted.
Such medians have been determined before using Spitzer IRAC, IRS, and MIPS observations in numerous young regions (e.g. Furlan et al. 2006) . These have typically adjusted for the varying stellar luminosity of the stars by normalizing individual SEDs to the same H band flux and then determining the medians of the resulting photometric points. This approach may lead to an underestimation of variation within the population (i.e. the upper and lower quartiles) by suppressing excesses at the shortest wavelengths. This is unlikely to be an important issue for the stars of Upper
Scorpius, but it may be a significant issues for the youngest, most massive disks which can exhibit excesses at H and K bands. Therefore, we adopt a new approach which more directly compensates for the variation in stellar luminosity.
For each source, we carry out the following procedure:
1. Deredden the SED using the values found in fits to the stellar photospheres.
2. Subtract the stellar photosphere, as determined in our previous fitting (Sect. 4.3).
3. Scale each set of excesses to the luminosity of a median spectral type Upper Scorpius M2 star,
[PBB2002] J160357.9-194210 (object 20, 0.09 L ⊙ ).
4. Add the excesses to the stellar SED of this M2 star.
We choose object 20 as the representative star as it lies near both the mid-range of the spectral types represented here and the mean of the stellar luminosities, as well as having a low extinction.
This will minimize error contributions in the scaling process.
At wavelengths up to 160 µm, we determine the median flux, as well as upper and lower quartiles. We omit (sub)millimeter photometry from this analysis as it is determined almost entirely by the disk dust mass, and we seek to determine what constraints the far-infrared photometry can provide in its place.
Since all of these sources are detected at wavelengths up to 24 µm, the determination of median and quartile fluxes are straightforward at short wavelengths. However, at the PACS wavelengths The traditional method for determining lower quartiles fails in the situation where more than ∼25% of observations result in nondetection, whereas this approach allows the determination of an upper limit to the quartile. The 160 µm median presented here represents an upper limit, as more than half the sources are undetected at this wavelength.
of 70, 100, and 160 µm, from 6 to 10 sources have fluxes falling below our three sigma detection limits. Therefore, we adopt a new procedure for the determination of median and upper and lower quartile fluxes. We use the Kaplan-Meier product limit estimator -designed for work with censored data sets -to construct the scaled cumulative flux distribution at each wavelength (e.g.
Feigelson & Nelson 1985). As we did not carry out PACS 70 µm observations for objects detected
in Spitzer MIPS band 2 observations, we merge those detections with our 70 µm observations. We show the distributions for 70, 100, and 160 µm emission in Figure 4 . From these distributions, we then estimate the median and quartile fluxes for inclusion in the median SED, which we show as the vertical red lines. In all three cases, the lower-quartile is an upper limit, while in the case of the 160 µm flux, the median is also an upper limit.
For comparison, we determine the median SED for a sample of Taurus stars in the same fashion, using the 26 Class II sources of spectral types K2 to M5 observed with PACS photometry in C.D. Howard, et al., (2013, ApJ) . For these sources, we have collected B and I band photometry from SDSS, J, H, and K band photometry from 2MASS, and 3.4, 4.6, 11.6, and 22.1 µm photometry from WISE. The spectral type distribution is slightly skewed toward warmer sources, including 10 K stars and 16 M stars. The wavelength distribution of disk emission is a function of the temperature distribution in the disk, which is in turn more strongly dependent on the distribution of disk material rather than stellar luminosity. Therefore, we consider this a useful comparison sample.
We present the median SEDs for Upper Scorpius and Taurus in Tables 7 and 8, respectively, and compare the median SEDs in Figure 5 . We note that our determination of the median SED exhibits a much larger range between upper and lower quartiles at short wavelengths than was found in previous determinations. This highlights the need to directly scale excesses by the stellar Article number, page 21 of 48 luminosity, rather than by a proxy. The common practice of scaling all fluxes to a common H band value artificially reduces the contribution of sources with short wavelength excesses. We also point out that Taurus sources show both a significant optical excess and a large dispersion in optical excess values, which we attribute to the much higher accretion rates found among Taurus sources.
For these median SEDs, we make initial parameter estimates by carrying out model fits to the SEDs using the genetic algorithm as described above. We show these best fit models overlaid on the SEDs in Figure 6 . We list the model parameters for the two median SEDs at the end of Table 5 . For all five properties, the Upper Scorpius median disk lies within the central 68% of the distribution of properties, suggesting it serves as a reasonable proxy for discussion of the whole population.
To estimate the parameter uncertainties, we have generated an evenly sampled grid around the best fit GA model for each median disk. From the 5-dimensional grid of models, we generated the one-dimensional probability distributions by assigning each model i a probability P i ∝ exp[−χ Scorpius median SED is much flatter than that for Taurus, due to the 160 µm point being an upper limit. We have carried out further examination of the parameter sensitivities and their covariance in Appendix C.
The typical Upper Scorpius disk has both a smaller scale height and greater flaring than the typical Taurus disk, with a scale height at 100 AU, H 100 , of 7.3 vs. 9.2 AU, and flaring of 1.16 vs. 1.07. These factors combine to give a ratio of disk height to radius at 1 AU of 0.035 for Upper Scorpius, and 0.067 for Taurus. This suggests dust that is more settled than Taurus disks at all radii, and the degree of settling is greater at smaller radii.
The median Upper Scorpius SED corresponds to a disk with an inner disk edge at 0.041 AU, compared to that of Taurus with an inner disk edge at 0.044 AU. These inner disk radii are close to the sublimation radius, suggesting that the typical observed disk has not yet begun inside out clearing. This is consistent with previous findings that transitional disks showing evidence of inner disk clearing account for ∼ < 10% of circumstellar disks (Williams & Cieza 2011) , a low enough frequency as to not affect the median of the ensemble. This low frequency is evidence that disks dissipate rapidly once clearing begins. However, the Upper Scorpius median SED has a tentatively steeper surface density density profile. Imaging of dust emission is necessary to better constrain the surface density power-law index.
The total amount of material seen in these disks, however, has decreased, with the inferred dust mass of the Upper Scorpius median disk being a factor of ∼100 lower than that of the median Article number, page 23 of 48 Taurus disk. We must note that the infrared SED which we use here is at least a factor of 5 less sensitive to the dust mass than is millimeter photometry. Our previous comparison of millimeter emission in Upper Scorpius and Taurus (Mathews et al. 2012b) showed that the high end threshold of millimeter-dust masses had decreased by a factor of 20. Our modeling here suggests a similar trend across all disk masses, but sensitive (sub)millimeter photometry is necessary to confirm this scenario.
Article number, page 24 of 48 Fig. 7 : Comparison of the probability distributions for the Upper Scorpius and Taurus median disks. The striking differences in the disk scale height and flaring index show that the median Upper Scorpius SED represents a disk that has experienced more dust settling than in Taurus. The low dust mass hints at the potential importance of grain growth in reducing opacity and hence detectable dust mass. The sharp edges to the Upper Scorpius distributions are due to the sampling of the parameter space.
Our results suggest that the few disks that remain at the age of Upper Scorpius are highly evolved in their other dust properties, as well. The combination of parameters suggesting a high degree of dust settling, low observable dust mass, yet an inner radius consistent with the sublimation radius may reinforce the idea that most disks experience homologous evolution (i.e. processes occurring at all radii, rather than inside-out or outside-in depletion mechanisms) through most of their lifetimes. Below, we discuss observations that inform our understanding of the gas evolution of these disks. (Liseau et al. 2006 ). In an earlier study (Mathews et al. 2010 
Gas mass
We may use recently developed gas mass diagnostics to make initial estimates of disk gas mass in the Upper Scorpius sample. Kamp et al. (2011) outline the use of the [OI] 63 µm emission line and millimeter CO line emission to constrain the disk gas mass based on identification of empirical relations seen in the DENT grid of models . In that work, they discuss the use of the [OI] 63 / CO 2-1 ratio to constrain the mean gas temperature, which then allows the direct conversion of the observed [OI] emission to the gas mass. They point out that this works for disks with gas masses less than about 1 M Jup in which the [OI] 63 µm line is optically thin. Furthermore, it may improve at even lower gas masses at which the CO J=2-1 line becomes optically thin (∼0.1 M Jup ). With the detection of both lines, the gas mass can be estimated to within an order of magnitude, based on comparison of estimated gas masses to input model gas masses from the DENT grid. They note that this large uncertainty is likely due to many other variables affecting the emission of the two lines, including the disk outer radius, disk flaring, and the amount of UV radiation.
In the case of Upper Scorpius, however, where few stars are detected in either CO or [OI] emission, the DENT grid still allows for limits to be placed on the disk gas mass. We calculate the constraints of including stars older than 3 Myr, with dust masses ≤ 0.1M Jup , and observed at inclinations ≤ 80 • , in order to avoid edge on disk models where even low mass disks can reach large column densities. All fluxes were scaled to a distance of 145 pc. For each of our stars, we then compare their flux or 3σ upper limits to the grid of gas masses (Figure 9 ), using bilinear interpolation to determine the values. The grid of mean gas masses has a typical uncertainty of at least 0.5 dex, suggesting a factor of at least ∼ 3 uncertainty in the estimated gas masses and mass limits. Of the 8 K&M stars observed for both [OI] 63 µm and CO J=2-1 emission, only J1604-2130 is detected in both lines. It has an estimated gas mass of 2M Jup , consistent with the mass of ∼ 1M Jup found by comparison to figure 24 in Kamp et al. (2011) . The other 7 sources have upper limits to the gas mass of 0.4 to 1.8 M Jup , with a median upper limit of 1.1 M Jup . We report gas mass estimates and upper limits in Table 9 .
Examination of the mean gas mass contours in Figure 9 indicates that the gas mass estimates are limited in this regime by our CO line sensitivity. The large collection area of new telescopes,
Article number, page 27 of 48 Observed values are shown with red circles, with 3σ upper limits indicated with arrows. Another order of magnitude sensitivity to CO will be necessary to distinguish most gas masses. 
2.1 such as ALMA, will make it possible to probe deeper at millimeter wavelengths. With another order of magnitude of sensitivity to CO emission, the upper limits on [OI] emission from these sources will still allow for a factor of ten improvement in gas mass estimates. (a) The fractional UV luminosity is indicated by f UV , and the UV slope indicates the spectral slope of the UV excess. The UV slope is set to achieve a smooth intersection with the SED of the stellar photosphere. (a) The fractional UV luminosity is indicated by f UV , and the UV slope indicates the spectral slope of the UV excess. The UV slope is set to achieve a smooth intersection with the SED of the stellar photosphere.
Gas-to-dust ratio
To attempt to place a limit on the gas to dust ratio of the typical Upper Scorpius disk, we use the thermochemical modeling code ProDiMo (Woitke et al. 2009; Kamp et al. 2010 ) to predict [OI],
[CII], and CO line emission for the median SED disk for gas-to-dust ratios of 100, 10, and 1. These values represent ratios ranging from that of ISM material and the presumed ratio in the youngest disks, down to the regime where disks may be considered to be transitioning to debris disks. We assume the disks have well mixed gas and dust, and adopt the disk geometry found by SED fitting (Sect. 6.1).
High energy UV photons play an important role in heating gas in the disk atmosphere, but the ultraviolet environment around these stars remains unknown. To compensate, we explored two UV emission scenarios, with a fractional luminosity of 0.05 and 0.1, and adjusting the spectral slope so as the smoothly intersect the photospheric emission. In neither case, however, was line emission strong enough to be detected at the sensitivity of our observations. Hence, the gas-to-dust ratio of the typical Upper Scorpius disk is not directly constrained by our observations.
For comparison, we carried out similar modeling for the Taurus median SED, finding that only in the case of a 100:1 gas to dust ratio and a high UV luminosity did the typical disk have [OI] 63
µm emission bright enough to be detected. All other lines remain below our detection limits. We present the results of the gas line models in Tables 10 and 11 . A high fraction of Class II sources in Taurus exhibit [OI] 63 µm line emission (C. Howard et al., in review) , suggesting that many young disks do have a gas-to-dust ratio near 100 or host jets.
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Two sources in Upper Scorpius have gas mass upper limit estimates and millimeter determinations of the dust mass (objects 34 and J1614-1906) . In both cases, the low gas mass estimates of ∼ < 0.5 M Jup indicate gas-to-dust ratios much less than the primordial value of 100. With mm-dust masses of 0.041 and 0.014 M Jup (Mathews et al. 2012b) , respectively, these disks have gas-to-dust ratios of ∼ < 10 and ∼ < 30.
The one source detected in both [OI] 63 µm and CO emission, J1604-2130, has an estimated gas mass of 2 M Jup . In previous work we found this disk has a dust mass of 0.1 M Jup (Mathews et al. 2012b,a) , suggesting a gas to dust ratio of ∼ 20. However, this disk is an unusual one in the Upper Scorpius sample, a transition disk with a ∼70 AU hole in millimeter emission and smaller dust grains within the hole (Mathews et al. 2012a; Mayama et al. 2012) . It likely represents the tail end of the disk survival function, and the unique dust configuration will likely lead to different excitation conditions than assumed in the DENT grid, raising the uncertainty in the gas mass estimation. However, as this is the sole source for which we can determine a gas-to-dust ratio, it may be reasonable to treat it as an indicator of the upper limit to the gas-to-dust ratio in Upper Scorpius.
Combined with our previous finding that the highest dust masses have decreased by a factor ∼20 from the age of Taurus to that of Upper Scorpius and the extension of that conclusion to the general disk population via our modeling here, this suggests an additional factor of ∼5 decrease in gas masses. Several mechanisms could play a role in preferentially preserving dust compared to gas. As dust grows beyond micron sizes or settles to the midplane, it becomes decoupled from the gas. There is a net transfer of material from the gas phase to solids by freeze-out in the disk interior, though some of this material may return to the gas phase through later heating. In addition, detectable dust is likely replenished by collisions among larger objects which are undetectable due to low opacity. Future observations with instruments offering high sensitivity and resolution at cm wavelengths, such as the eVLA and Square-Kilometer Array, will provide a crucial test of replenishment models, by directly probing the population of pebbles.
Our finding of a low gas to dust ratio, in combination with the typically geometrically thin structure, suggests the importance of dust settling for allowing gas depletion to proceed more rapidly than depletion of dust.
Planet formation
Recent decades have seen the discovery of hundreds of gas giant extrasolar planets, and the Kepler mission is leading to an explosion in the number of candidates. Borucki et al. (2011) estimate approximately 20% of stars host giant planets, and recent observations have nearly doubled the number of candidates, allowing for further refinement of this estimate (Batalha et al. 2013) . However, far less than 20% of stars in Upper Scorpius have sufficient disk gas mass to form a giant planet if that process were to begin today. In Mathews et al. (2012b) , we argued that if disks retained the 100 to 1 gas to dust ratio, the 4 stars with dust masses of 0.01 M Jup or greater could have at least 1 M Jup of gas. Assuming a 10-20% planet formation efficiency for a Jupiter compoArticle number, page 30 of 48 sition planet, based on the disk mass required to form Jupiter in the minimum mass solar nebula (Weidenschilling 1977; Desch 2007) , such a disk may be sufficient to form a gas giant planet with a mass ranging from 2 Neptune masses to approximately a Saturn mass.
Furthermore, as our sample was built using all disk bearing sources from the statistically complete parent sample of 218 stars from Carpenter et al. (2006) (Pecaut et al. 2012) , the half-life of the f Nep would be 1.9 Myr, suggesting that giant planet formation could be correspondingly slower.
This implied 2-4 Myr limit to the time available for giant planet formation lies at the low to mid-range of ages needed to form giant planets via core accretion models (Pollack et al. 1996; Alibert et al. 2005) . However, if the gas-to-dust ratio of 20 of J1604-2130 represents the upper limit among Upper Scorpius disks, then this is the only star which could support further giant planet formation. In either case, the fraction of stars hosting potentially giant planet forming disks is lower than the gas giant fraction in the field by at least a factor of 10, suggesting that gas giant planet formation is essentially finished in Upper Scorpius.
Regarding the formation of small, rocky planets, the median dust mass in Upper Sco, 3.5 ×10 −6
M ⊙ , corresponds to ∼1 M ⊕ . The rocky planets of the solar system only require about a factor of 3 enrichment from primordial solids (Weidenschilling 1977) , suggesting that a dust mass of ∼ 10 −5 M ⊙ would be the minimum dust mass necessary to form a 1 M ⊕ planet. Including J1604-2130 and J1614-1906, which we did not model here but which have dust masses determined by millimeter photometry, 5 / 24 disk bearing K&M stars in Upper Scorpius have this minimum dust mass for the formation of earth mass planets. These represent 2.3 ± 1.0% of the stars in Upper
Scorpius. In the field, ∼15% of stars host 0.5 -2 R ⊕ planets (Borucki et al. 2011) . Assuming these planets have similar densities to Earth, the fraction of Upper Sco stars which could form an Earthmass planet if the formation process was to begin now is ∼0.33 that of the fraction of Earth-mass planet hosts in the field. This suggests that, much like giant planet formation, the processes that lead to Earth-mass planet formation are well underway in Upper Sco, and much of the dust has already grown to large sizes that are unobservable without longer wavelength observations. a 70 AU hole in millimeter continuum emission, but rising 16 and 24 µm excesses imply the presence of small amounts of dust as close as 20 AU. Furthermore, the system has exhibited a factor of ∼4 variation in emission at shorter wavelengths (Dahm & Carpenter 2009) , with NIR spectroscopy indicating the presence of 900 K dust (corresponding to ∼ 0.1 AU). After merging WISE photometry and Spitzer spectroscopy with the previously studied SED, we find the presence of an excess at all wavelengths from 3.4 µm to 16 µm (the wavelength at which an excess was first apparent in previous work). The sharply rising excess from 16 µm is still apparent and is consistent with the presence of dust at 20 AU, and does not affect the gap in millimeter emission required by SMA observations. This disk structure has since been broadly verified by high resolution H-band imaging of the disk by Mayama et al. (2012) , who found small grain dust features extending inside the mm-disk inner edge.
This complex dust disk structure -a lack of millimeter-sized grains at radii less than 70 AU, yet the presence of dust near the sublimation radius and locally within the cavity -can only be produced by dynamical interaction. J1604-2130 will provide a test bed for examining interactions between giant planets and disks, as well as for the complex modeling techniques needed to simultaneously fit these multiple disk regions.
J1614-1906:
The second source detected in our line survey also has the fourth largest dust mass in Upper Sco as determined by millimeter photometry (Mathews et al. 2012b ), ∼ 0.015M Jup .
However, the large extinction suggests the star is being viewed edge on through a disk, and large NIR excess suggests we may be directly viewing the disk inner edge. In addition, the high ratio of the [OI] 63 µm line to 63 µm continuum indicates this system may be driving a jet. This star has the second highest Hα equivalent width in Upper Sco, -52Å, which suggests an accretion rate ∼ 10 −9 M ⊙ /yr using the conversion presented in Dahm (2008) . In addition, strong emission has been detected in the [OI] 6300 Å forbidden line (Montesinos, in prep), a common indicator of jets (e.g. Cabrit et al. 1990 ). We defer modeling of this system to a later paper.
Binaries: ScoPMS 31 and [PZ99] J161411.0-230536 (objects 13 and 45) have binary companions at projected separations of 84 and 32 AU, respectively (Köhler et al. 2000; Metchev & Hillenbrand 2009 ). These sources are are also detected in millimeter continuum and exhibit Class II infrared excesses. Mid-infrared excesses indicate, in both cases, the presence of dust at radii of ∼ 1 AU or less. The disks will necessarily be truncated at outer radii of a few tens of AU by dynamical interactions with the companions. While the millimeter emission could originate from these disks or from circumbinary material, there are no abrupt changes in the SED shape indicating gaps in emission, as may be seen in a combination circumstellar / circumbinary emission system. High sensitivity, high spatial resolution millimeter imaging, such as may be accomplished with ALMA, will allow for the measurement of the disk outer radii and determination of the presence of circumbinary disks.
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Summary
We have carried out a survey for far-infrared emission lines and photometry, as well as millimeter line emission, among the stars of Upper Scorpius. From these observations, we have found that:
1. 17 of 23 K and M stars with 16 or 24 µm excess exhibit continuum emission at 70, 100, and / or 160 µm. In general, the stars of Upper Scorpius lack sufficient material for forming giant or earth-size planets if this formation process were to begin now. By the age of Upper Scorpius, giant planets must have completed formation, as must the precursor bodies of Earth-size planets. 
The median of Upper
Appendix C: Parameter covariance
To confirm the sensitivities to our parameters implied by the probability distributions shown in Fig.   7 and to test the assumptions of our fiducial model, we varied the parameters of the Upper Scorpius median model to examine changes in the SED. We set the values of the free parameters to reflect the size of the explored ranges shown in Fig. 7 , generated SEDs for these modified values, and calculated the ratio of the modified SEDs to that of the adopted median model (Figs. C.1 ).
While each free parameter has effects throughout the SED, we discuss the wavelengths at which the effects are largest. The free parameter with the least overall effect is α. Varying its value by and ±2, respectively, and R in causes factor of 2 changes throughout the infrared SED for a factor of 10 increase in its value.
We also tested three key assumptions of the models, that of fixing the minimum and maximum dust grain sizes (a min = 0.01 µm and a max = 3600 µm, respectively), and the outer radius of the disk (R out = 100 AU). A factor of 100 increase in a min leads to a few percent decrease in flux at J, H, and K bands, ∼10% flux increase at ∼ 5-50µm, and ∼10% decrease at longer wavelengths. Decreasing a min has negligible effects. Increasing a max by a factor of 100 for a constant dust mass leads to a factor of ∼5 drop in model fluxes from 400 to 1000 µm, an effect smoothly increasing from about 30% drop in flux at 70 µm. This change is due to shifting dust mass into large, undetectable ∼ 10 cm pebbles and the corresponding decrease in opacity. Decreasing a max by a factor of 100, on the other hand, leads to a similar factor of ∼10 drop in the SED at long wavelengths, but a comparatively slight factor of 2 increase in flux at 100 to 200 µm. Increasing and decreasing R out by a factor of 2 has an effect ranging from ∼ 10% at 100 µm to 20% at 1000 µm.
We can then consider how variations in these parameters impact each other. The simplest case to examine is that of impacts on the dust mass, which varies in essentially a one-to-one fashion with the millimeter flux due to low opacity. Variation of the magnitude explored here for α, β, H 100 , and a min (±0.4, ±0.05, ±2, and ×100, respectively) lead to ∼10-20% variations across a wide range of the SED. These would in turn lead to at most 10-20% variations in dust mass, and could be less since variations in the other parameters can together compensate. An increase in M dust for a given observed SED could be driven by large increases or decreases in α, or by decreasing values of β or H 100 . Conversely, increasing values of β or H 100 , both of which would suggest more effective heating at large radii, would require a decrease in dust mass. None of these parameters could singly vary with mass, however, due to the effects they have at short wavelengths.
Several parameters, however, primarily affect the long wavelength SED, and thus their impact on the dust mass can be more directly examined. For a given observed millimeter flux, a factor of 100 increase in a max or factor of 2 increase in R out will require a factor of 5 or a 20% increase in the disk dust mass, respectively.
In order to carry out a broader exploration of the parameter space than is possible with either the single 5D-grid used in section 6.1 to generate the parameter probability distributions or with a single GA search, we have carried out 10 GA searches of 10 generations each for the Upper A&A-UpSco-PACS-AA-final-singleCol, Online Material p 47
Scorpius median disk. Each independent search begins in a random region of the parameter space, thus ensuring a broader sampling.
Using the models from all 10 searches, we have constructed 2D χ 2 maps comparing the two parameters that dominate variation in the disk opacity, M dust and α, and the parameters which dominate variation in the interception of the stellar luminosity, H 100 and β (Fig. C.2 ). The number of bins in each dimension (15) was chosen to ensure a mean of ∼50 points per bin. Each model's contribution to its bin is weighted according to its likelihood based on 10 degrees of freedom.
Comparisons with R in showed no significant covariances, with 99% likelihood contours extending uniformly from values of 0.03 to 0.1 AU.
The shapes of the χ 2 spaces reinforce our discussion of parameter covariance. M dust and α are positively correlated to increasing values of α, while there is no or a slight negative correlation to decreasing values of α (Fig. C.2, upper left) . The surface density distribution parameter, α, appears poorly constrained by our observations (upper right), as was previously shown by the 1D probability distribution. The negative correlation between H 100 and M dust is consistent with the idea that the observed long-wavelength flux is determined by both the temperature and mass of the outer disk, and these two parameters are the primary drivers of those properties. The strong positive correlation between H 100 and β suggests that low infrared fluxes require a relatively low scale height in the inner disk region. Increases in these two parameters will primarily drive increased heating in the outer disk, which can be compensated for by a decreased disk mass.
Our adopted parameters lie within the 99% contours in all cases. However, comparison of these 2D explorations of the parameter space with the results of single GA searches and with the 1D probability distribution produced from the uniformly sampled 5D grid (Section 6.1) suggest improvements for future work. The use of several short GA searches achieves wider sampling of the parameter space, due largely to the start of the searches in random locations. The convergence of several searches to a limited range of values lends confidence that a global χ 2 minimum has been found. The combination of these results can then lead to adoption of a better representative model, which in turn will serve as an improved central point for a uniform grid.
Fig. C.2: 2-dimensional χ 2 maps for M dust , α, H 100 and β, generated from 10 genetic-algorithm parameter searches of the Upper Scorpius median disk. Contours are drawn at levels of 4.6 and 9.21 higher than the minimum χ 2 , corresponding to the 90% and 99% probability boundaries. Black regions have sample numbers too low (n < 10) for calculation of χ 2 value.
